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a b s t r a c t 
The early stages of soot formation, namely inception and growth, are highly debated and central to many 
ongoing studies in combustion research. Here, we provide new insights into these processes from study- 
ing different soot samples by atomic force microscopy (AFM). Soot has been extracted from a slightly 
sooting, premixed ethylene/air ﬂame both at the onset of the nucleation process, where the particle size 
is of the order of 2–4 nm, and at the initial stage of particle growth, where slightly larger particles are 
present. Subsequently, the molecular constituents from both stages of soot formation were investigated 
using high-resolution AFM with CO-functionalized tips. In addition, we studied a model compound to 
conﬁrm the atomic contrast and AFM-based unambiguous identiﬁcation of aliphatic pentagonal rings, 
which were frequently observed on the periphery of the aromatic soot molecules. We show that the 
removal of hydrogen from such moieties could be a pathway to resonantly stabilized π-radicals, which 
were detected in both investigated stages of the soot formation process. Such π-radicals could be highly 
important in particle nucleation, as they provide a rational explanation for the binding forces among 
aromatic molecules. 
© 2019 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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n  1. Introduction 
Despite the increasing contribution of renewable energy
sources, fossil fuel combustion remains the primary player for
the worldwide energy production [1] . Examples include the power
generation using fossil fuels like natural gas or oil, the use of com-
bustion in the automotive sector as well as for home heating and
cook-stoves appliances and the use of gas-turbine combustors for
aero-transportation. 
Combustion generates heat by means of exothermic reactions
which in turn, ideally, lead only to the formation of carbon dioxide
and water. However, in real combustion devices the presence of
local fuel-rich conditions promotes the formation of harmful car-
bonaceous by-products, in particular carbon nanoparticles, namely
soot. 
Soot particles have been investigated over the last decades by
the scientiﬁc community for their detrimental health effects and∗ Corresponding authors. 
E-mail addresses: baf@zurich.ibm.com (F. Schulz), anddanna@unina.it (A. 
D’Anna). 
1 Both the authors contributed equally to this work. 
t  
t  
r  
t  
m  
https://doi.org/10.1016/j.combustﬂame.2019.03.042 
0010-2180/© 2019 The Combustion Institute. Published by Elsevier Inc. All rights reservedor affecting the Earth radiation balance. Numerous studies have
learly indicated that combustion-formed particulates are responsi-
le for several adverse health effects [2–4] . Among those, particles
ith sizes in the order of a few nanometers, typically referred
o as ultraﬁne particles, are known to be particularly dangerous
5] . Furthermore, soot particles can severely affect the climate [6] .
heir emission into the atmosphere inﬂuences light absorption
nd cloud formation as well as the albedo and melting properties
f snow and ice covers [6,7] . For these reasons, a deeper under-
tanding of the chemical constituents as well as the processes
esponsible for the formation of such particles would be highly
eneﬁcial. 
The formation and evolution of soot particles in fuel-rich ﬂames
re the result of a complex mechanism including both chem-
cal and physical processes. These are: initial gas-phase reac-
ions, gas to condensed-phase transition corresponding to particle
ucleation, particle mass and size growth through coagula-
ion/coalescence, heterogeneous surface reactions and condensa-
ion of gaseous species and ﬁnally, carbonization/dehydrogenation
eactions. When oxygen is available in the ﬂame, particle oxida-
ion occurs parallel to the above reported mechanisms. The whole
echanism takes place at high temperature and on a time scale of. 
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ahe order of a few milliseconds. Therefore, understanding the soot
ormation process in fuel-rich combustion is a great challenge. 
The process starts with the decomposition reactions of the fuel
olecules, i.e., pyrolysis and oxidation, and subsequent recombi-
ation and cyclization reactions lead to the formation of polycyclic
romatic hydrocarbons (PAHs). It is generally understood that the
rowth of PAHs in ﬂames occurs by repetitive hydrogen abstraction
ollowed by acetylene (C 2 H 2 ) addition [8] , known as the hydro-
en abstraction acetylene addition (HACA) mechanism [9 , 10] . These
romatic molecules can exhibit many different conﬁgurations, i.e.,
ifferent sizes, shapes and functionalities. Through chemical and/or
hysical clustering, they act as precursors of incipient soot parti-
les [10–12] . Over the years, great effort s have been made to un-
erstand the fundamentals of the early steps of soot formation
nd some mechanisms have been proposed to explain the gas-to-
article transition [10–12] . Two well-established mechanisms in-
olve either the chemical reactions of two or more PAHs and their
adicals to form polymer-like cross-linked structures, or physical
lusters of two or more PAHs bound through van der Waals forces.
oth pathways may coexist with a relative relevance depending
n the combustion conditions/environments such as temperature
nd gas-phase chemical composition [10–12] . Recently, a radical
hain propagation mechanism involving resonantly stabilized rad-
cals (RSRs) has been proposed for molecular mass growth and
lustering with the formation of covalently bound complexes [13] .
oreover, a mechanism involving aromatic π-radicals with local-
zed π-electrons in the nucleation and growth process of soot was
lso suggested by Wang [12] . 
Just-nucleated soot particles have typical sizes of a few
anometers [14–16] . They are mainly formed just downstream of
he ﬂame front in aliphatic fuel ﬂames, although they can persis-
ently nucleate in the post-ﬂame region [17,18] . After nucleation,
articles undergo further growth, reaching sizes of the order of 10
20 nm, followed by coagulation/agglomeration and formation of
hain-like aggregates. During this process, the chemical/structural
omposition of the soot particles can further change, as is often
bserved in terms of different hydrogen to carbon ratio, nanoscopic
tructure and optical properties [19–21] . 
To simplify this highly complex problem and to allow control-
ing operative parameters with high precision, the majority of the
tudies aimed at investigating the soot formation mechanism are
erformed in laboratory premixed or diffusion ﬂames of gaseous
ydrocarbons. In a laminar premixed ﬂame, the different stages
f the soot formation process can be followed at increasing dis-
ances to the burner. Hence, collecting particles at different burner-
o-probe separation distances provides snapshots of the particles
nvolved in this intricate process. 
In a recent work [22] , we analyzed soot particles extracted
rom the nucleation zone of a premixed ﬂame using high-
esolution atomic force microscopy (AFM) and scanning tunneling
icroscopy/spectroscopy (STM/STS). AFM is susceptible to forces
nd can thus be used to probe the short-range repulsive forces
bove molecules that emanate from overlapping wavefunctions
Pauli repulsion), yielding high contrast on covalent bonds and
toms. For tip passivation, carbon monoxide (CO) is widely used
23] . Considering that bending of the CO might lead to distortions
24] , it additionally enhances the contrast due to its ﬂexibility. This
ethod can be applied to identify the atomic structure of natural
ompounds and complex molecular mixtures [25–27] , discriminate
he bond order within single molecules [28] , or follow the interme-
iate steps of on-surface reactions [29,30] . STM, however, is sensi-
ive to the local density of states, providing access to molecular
rbital densities [31–33] . 
Using these techniques, we were able to detect and analyze
AH molecules and their radicals present in incipient soot par-
icles. While in the previous work [22] we showed selected,haracteristic structures, here we provide an in-depth discussion
f all observed structures as well as a comparison to a model com-
ound, conﬁrming our results on saturated peripheral penta-rings.
dditionally, another characteristic stage of the soot formation
rocess, namely particle growth, has been investigated by collect-
ng particles from the ﬂame at different burner-to-probe distances,
hus gaining further insight into the soot formation mechanism. 
Our results conduce to the understanding of soot formation
y providing a framework of molecules that are decisively con-
ributing to this process, and thereby deepen the knowledge of its
nderlying chemistry at the molecular level. In the long run, this
nformation could eventually help to improve technologies re-
ying on fuel combustion to prevent the emergence of harmful
y-products. 
. Experimental system 
Soot nanoparticles were generated in a laminar premixed ﬂame
urning an ethylene-air mixture. In this ﬂame reactor, the temper-
ture and the species concentrations only depend on the height
bove the burner, which directly relates to the ﬂame residence
ime. The cold gas velocity was set at 9.8 cm/s and carbon to oxy-
en (C/O) atomic ratio was ﬁxed at 0.67, i.e., equivalence ratio
 = 2.03. 
Soot particles suspended in burned combustion gases were ex-
racted from the ﬂame centerline using a high-dilution horizontal
ubular probe [14] . Flame temperature proﬁles measured with and
ithout probe are reported in the supplementary materials (Fig.
2). The combustion products were sampled through a very small
riﬁce, i.e., 200 μm in diameter, located on the bottom side of the
robe, and rapidly mixed with N 2 , thus providing a dilution ratio
DR) of 1:30 0 0 [14] . This sampling procedure prevents particles
rom coagulating and allows the quenching of chemical reactions
hroughout the sampling line [17] . Soot particles were collected
rom the ﬂame at 8 and 14 mm burner-to-probe separation dis-
ance ( Z ), which correspond to the particle nucleation and particle
rowth zone of the ﬂame, respectively. In the following, we will
herefore refer to molecules detected in the particles extracted
rom the nucleation zone ( Z = 8 mm) as incipient soot molecules
IS), and to molecules from particles collected in the growth zone
 Z = 14 mm) as primary soot molecules (PS). 
The particle size distributions (PSDs) were measured on-line us-
ng a differential mobility analyzer (DMA) system composed by
n aerosol classiﬁer Vienna-type DMA (TapCon 3/150) that allows
article classiﬁcation within the size range of 1–40 nm, an X-ray
iffusion charging source (TSI Aerosol Neutralizer 3088), and a
araday cup electrometer for particle counting. For the off-line
nalyses, a stainless steel aerosol ﬁlter holder (Merk–Millipore
od. XX50 0470 0) containing a quartz ﬁlter (Whatman QMA–
rade, 47 mm) was positioned on-line downstream of the dilution
ubular probe for soot collection. Gas temperature at the ﬁlter lo-
ation was 80 °C. The sample collection lasted 14 h in order to
ollect enough material on the ﬁlter for the off-line analysis [22] . A
chematic view of the burner and soot sampling is reported in the
upplementary materials (Fig. S1). Soot particles collected on the
uartz ﬁlters were preliminarily analyzed by Raman spectroscopy
results are reported in the supplementary materials, Fig. S3). 
The STM and AFM measurements were carried out in a
ome-built combined STM/AFM setup operating under ultra-high
acuum (UHV) conditions ( p ≈1 ×10 −10 mbar) and at low temper-
tures ( T ≈5 K). The microscope was equipped with a qPlus quartz
antilever [34] operated in the frequency modulation mode [35] .
he microscope tip consisted of a PtIr-wire (25 μm in diameter),
hich was sharpened using a focused ion beam followed by in
itu indentations into the bare Cu surface to prepare a clean and
tomically sharp tip. 
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Fig. 1. Particle size distributions at different burner-to-probe separation distances. 
Note that PSDs were corrected for dilution and particle diffusion losses in the probe 
following the procedure reported in [14] . 
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aAll STM images were acquired in constant-current mode with
the bias voltage V applied to the sample, while AFM images were
taken in constant-height mode at V = 0 V. For AFM imaging, the
tip apex was passivated by picking up a single CO molecule from
the surface [36] . As a substrate, we used a Cu(111) single crystal
partially covered with (100)-oriented, two monolayer (ML) thick
NaCl islands, denoted as NaCl(2ML)/Cu(111). An exemplary STM
overview image has been reported elsewhere [22] . 
The soot particles were deposited on the substrate via subli-
mation from a piece of Si-wafer. To this end, the particles were
applied on the wafer by gently pressing the quartz ﬁlter containing
the collected material onto the wafer. The wafer was subsequently
transferred into the UHV system and positioned in front of the
cold sample ( T ≈7 K). For sublimation of the molecules, the wafer
was ﬂash-annealed via resistive heating from room temperature
to approximately 900 K within a few seconds. This rapid heating
can promote the process of evaporation over the decomposition
[37,38] and has been shown to work reliably for molecules with
masses up to about 600 Da [39,40] . 
3. Results 
In the early zones of the post-ﬂame region, i.e., Z = 8 mm, the
PSD in number concentration is characterized by a mono-modal
distribution, with sizes mostly below 4 nm and maximum number
density between 2 and 3 nm, as shown in Fig. 1 . This mode com-
prises the ﬁrst detectable particles and it is usually referred to as
incipient soot [14–16] . At increasing Z, the PSD starts exhibiting a
bimodal shape, with a ﬁrst mode similar to the one observed at
Z = 8 mm, and a second one, whose modal value increases with Z
and reaches 12 nm at Z = 14 mm. This second mode is therefore be-
lieved to constitute the primary soot particles. It is important to
keep in mind that, considering the cubic dependence of the parti-
cle mass/volume on particle diameter, the mass of carbon materials
collected at these ﬂame locations mainly consists of primary soot
particles, although PSDs at heights larger than 8 mm are clearly bi-
modal with a large number of incipient soot particles. 
Figure 2 reports the full set of the identiﬁed molecular con-
stituents of incipient soot particles collected at Z = 8 mm and
measured by AFM. The proposed structures are reported in the
supplementary materials (Fig. S4.1). About 120 molecules were
analyzed by AFM; 44% of which were univocally determined PAHs
and 11% were substituted benzenes and chain-like structures
with substantial aliphatic character. The unidentiﬁed structures
(see supplementary materials, Fig. S4.3 for example molecules)
consisted of molecules which were too mobile and/or too small
(about 26%) to be identiﬁed and 3D structures (about 19%) with
sizes roughly comparable to the identiﬁed PAHs. 
The images in Fig. 2 reveal that the molecular constituents of
the incipient soot present the following features (see also Schulz
et al. [22] ): 
- The molecular masses range from 200 to 700 Da (14–60 C-
atoms) with a large number of molecules with masses around
30 0–40 0 Da (24–30 C-atoms). 
- A large fraction of the molecules contains fused six-ring units
organized in almost entirely peri -condensed structures with
zigzag and free edges. Many molecules exhibit one or two arm-
chair edges while only very few bay-edges and no fjord-edges
are observed. 
- Several molecules exhibit aliphatic branches – mostly methyl (-
CH 3 ) groups. 
- Most of the imaged molecules contain penta-rings on their pe-
riphery while a smaller fraction shows penta-rings (partially)
embedded into the aromatic structure. - A large presence of sp 3 hybridized carbons forming C –H bonds
in methylene-type groups is observed in peripheral penta-rings,
and in some cases also in peripheral six-rings. 
The analysis and identiﬁcation of the molecules constituting
he particles after coagulation/growth (primary soot at Z = 14 mm)
urned out to be more challenging. For these particles, sub-
imation appeared to be a major bottleneck, although Raman
pectroscopy measurements predicted an average size for their
romatic constituents similar to that of incipient soot ( Z = 8 mm)
see supplementary materials S3 for more details about the Raman
pectroscopy measurements). The analyzed sample mostly con-
ained very bulky or small/mobile molecules and aliphatic chains,
hich we attribute to fragmentation of the molecules during the
ublimation process. Only few aromatic molecules (about 7%)
ould be identiﬁed; the corresponding AFM images are shown in
ig. 3 . Although the resolved aromatics are of limited statistical
igniﬁcance due to their small number, the average size of the
olecules that could be analyzed by AFM is similar to that of the
olecules from incipient soot. Besides, aliphatic groups and a few
enta-rings were also detected. Different from the molecules found
n incipient soot, a few of the imaged molecules ( PS2, PS7 ) contain
xygen atoms (see supplementary materials Fig. S4.2 for structure
ssignment). 
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Fig. 2. Laplacian-ﬁltered constant-height CO-tip AFM images of all identiﬁed molecules found in soot particles collected at Z = 8 mm (incipient soot particles). The following 
molecules were shown in ref. [22] : IS1 ( M4 ), IS2 ( M5 ), IS8 ( M7 ), IS19 ( M6 ), IS22 ( M3 ), IS24 ( M2 ), IS43 ( M10 ), IS53 ( M1 ), IS59 ( M9 ), IS60 ( M8 ). The label in the brackets 
corresponds to the respective labeling used in ref. [22] . All images have the same scale. 
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b  . Discussion 
.1. Soot molecules: size and moieties 
Our results, obtained by AFM/STM, show a large complexity
f the molecular constituents of soot collected in a laminar pre-
ixed ﬂame, ranging from small aliphatic chains/substituted ben-
ene molecules to few very large polyaromatic compounds con-
aining up to 52 carbon atoms ( IS30 and IS43 in Fig. 2 ). These results are in good agreement with previous investiga-
ions by mass spectrometry and spectroscopic and/or microscopic
echniques. Compositional analysis of soot by mass spectrometry
as reported by Dobbins and co-workers in a series of seminal
orks in the late nineties [41,42] . They identiﬁed PAHs contain-
ng 16–32 carbon atoms (202–472 Da molecular mass range) as the
olecular constituents of soot particles from a laminar diffusion
ame. The analyzed molecules agreed well with those predicted
y Stein and Fahr [43] as the most thermodynamically stable PAHs
158 M. Commodo, K. Kaiser and G. De Falco et al. / Combustion and Flame 205 (2019) 154–164 
Fig. 3. Laplacian-ﬁltered AFM images of identiﬁed PAH molecules and aliphatic 
chains/substituted benzenes found in the soot particles collected at Z = 14 mm (pri- 
mary soot particles). The red dashed line in PS9 indicates a change in tip-sample 
distance by 1.8 ˚A. All images have the same scale. (For interpretation of the refer- 
ences to color in this ﬁgure legend, the reader is referred to the web version of this 
article.) 
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a  at ﬂame temperatures, i.e., the stabilomers. However, a series of
aerosol mass spectrometry (AMS) studies coupled with tunable
synchrotron vacuum-ultraviolet (VUV) radiation, recently pointed
out the insuﬃciency of the stabilomer grid in describing the actual
complexity of the molecular structures participating in the soot
formation mechanism [44–47] . Similar ranges of molecular masses
were also observed on soot surfaces by Bouvier et al. [48] us-
ing laser desorption/laser ionization/TOF-MS and by Öktem et al.
[49] probing soot molecular chemistry in laminar premixed ﬂames
by photoionization aerosol mass spectrometry (PIAMS). Analogous
results were also obtained by spectroscopic diagnostics and mi-
croscopy. Studies based on ultraviolet-visible light absorption spec-
troscopy followed by optical band-gap analysis [14,50,51] , Raman
spectroscopy [14,52] and HR-TEM [50,52] analysis of ﬂame soot in-
dicated that the aromatic domains forming the particles are of the
order of 1 nm in size. This corresponds roughly to the size of ova-
lene (C 32 H 14 ) and is thus in very good agreement with the average
molecular mass of the molecules imaged by AFM/STM, shown in
Figs. 2 and 3 . 
A second relevant observation retrieved form our AFM/STM
analysis is the presence of molecules with aliphatic branches,
mostly in the form of methyl groups. This is the case for the
molecules: IS5, IS6, IS4, IS10, IS14, IS16, IS17, IS18, IS19, IS24,
IS28, IS50, IS54, IS57, IS58 (see Fig. 2 ) for incipient soot and
PS1, PS3, PS5, PS6 for primary soot particles (see Fig. 3 and the
supplementary materials Fig. S4.1 and Fig. S4.2 for the structure
assignment). The presence of an appreciable contribution of
aliphatic components in the aromatic molecules constituting soot
was already proposed by various authors using different tech-
niques. Öktem et al. [49] observed that the intensities of aliphatic
components and PAHs were of the same order of magnitude at
low heights in the ﬂame; however, the aliphatic components
become much more abundant at the end of the ﬂame where the
PAH signal was hardly detected. This also matches our observa-
tions especially in primary soot particles, where only 7% of the
molecules investigated by STM/AFM are PAHs but a signiﬁcantly
larger fraction are aliphatics. Using thermal desorption-chemical
ionization time-of-ﬂight mass spectrometry, the nature of the
aliphatic constituents in soot was later suggested to be in the
form of alkylated aromatics with molecular weights spanning from
200 to 900 Da [53] . The presence of aliphatic moieties and their
relevance in the soot growing mechanisms was also evidenced bynfrared spectroscopy analysis [54,55] , nuclear magnetic resonance
pectroscopy (NMR) [56] , and X-ray photoemission spectroscopy
21] of ﬂame-formed soot particles. Aliphatic CH vibrations were
lso measured by surface-enhanced Raman spectroscopy in grown
oot particles [57] . Our AFM/STM results represent, however,
he ﬁrst direct observation of a rather large fraction of soot
onstituents in the form of alkylated aromatics. Such alkyl func-
ionalities are mainly in the form of methyl groups, although larger
hains have also been observed. The importance of substituted
liphatic chains in the physical agglomeration of PAHs leading to
oot formation has also been theorized by Elvati and Violi [58] ,
erforming molecular dynamics simulations. 
.2. Five-membered rings 
The third relevant observation obtained from the soot
olecules reported in Figs. 2 and 3 is the presence of an apprecia-
le number of aromatic molecules incorporating pentagonal rings. 
The role of ﬁve-member rings in the growth of carbon struc-
ures in combustion has long been explored [59,60] . Johansson
t al. [47] theorized that the most abundant PAH structures at
02 Da and 226 Da contain ﬁve-membered rings instead of only
ix-membered rings. The inclusion of ﬁve-membered rings was al-
eady hypothesized by Öktem et al. [49] . It was noticed that “all the
somers at 250 m/z contain ﬁve-membered rings, with two structures
ontaining two each ”. The 250 m / z peak may comprise, for example,
olecules like IS47 ( Fig. 2 ). The location of pentagonal rings within
he aromatic units has been shown to have a remarkable effect on
he electronic structure of the molecule itself [61,62] . Motivated by
he prediction that curved PAHs may have a dipole moment, Kraft
nd coauthors [62] investigated the impact of PAH curvature in-
uced by the inclusion of ﬁve-membered rings on the process of
oot particle formation. 
Over the entire set of analyzed incipient soot molecules, we ob-
erved some partially internal pentagonal rings, such as in IS54 ,
esembling methyl-benzo[ ghi ]ﬂuoranthene, and some other similar
arger structures ( IS4, IS27, IS28, IS38 ), as illustrated in Fig. 4 (a).
he aromatic molecules extracted from soot at the nucleation point
o not present a signiﬁcant curvature. This ﬁnding is consistent
ith the results of Raman spectroscopy on similar soot samples
eported in a previous work [21] , showing that rather ﬂat aromatic
slands are present at the nucleation stage, while the graphitic
amellae become more distorted/curved in grown particles formed
ater in the ﬂame. The observation that aromatics stay ﬂat for a
hile and start developing curvature later in the ﬂame is also con-
istent with the theoretical/modeling predictions of Whiteside and
renklach [60] . Therefore, it is likely that, starting from structures
uch as IS4, IS27, IS28, IS38, IS54, some degree of curvature may
ccur at higher residence time, i.e., higher Z , due to further molec-
lar growth. For instance, IS54 could signiﬁcantly curve by the ad-
ition of one acetylene (C 2 H 2 ) molecule and subsequent ring clo-
ure, forming corannulene (C 20 H 10 ). An additional type of partially
mbedded pentagonal rings, in the form of ﬂuoranthene-type ben-
enoid systems, was also detected, see molecules IS30 and IS57
 Fig. 4 (b)). 
Different types of peripheral pentagonal rings are observed, as
ketched in Fig. 5 (a)–(d). Figure 5 (a) shows aromatics with pen-
agonal rings in acenaphthylene-type conﬁguration. They can be
ormed by hydrogen abstraction followed by acetylene (C 2 H 2 ) ad-
ition on a zigzag edge of an aromatic structure [8,60,63] . In this
ase, the C –H bond is of vinylic-type, i.e., carbon is sp 2 hybridized.
nterestingly, several imaged molecules presented evidence of pen-
agonal rings with methylene-type C –H bonds, i.e., carbon is sp 3 
ybridized ( Fig. 5 (b)–(d)). Those are likely to be formed by hydro-
en abstraction followed either by ethylene (C 2 H 4 ) or vinyl (C 2 H 3 )
ddition on a zigzag edge [64] to form the acenaphthene-type
M. Commodo, K. Kaiser and G. De Falco et al. / Combustion and Flame 205 (2019) 154–164 159 
Fig. 4. Chemical structures of molecules with partially internal penta-rings as- 
signed on the basis of the AFM measurements shown in Fig. 2: (a) molecules 
incorporating benzo[ ghi ]ﬂuoranthene-type moieties; (b) molecules incorporating 
ﬂuoranthene-type moieties. 
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a  onﬁguration ( Fig. 5 (b)), or by methyl (CH 3 ) addition on an arm-
hair edge [65,66] to form the ﬂuorene-type conﬁguration ( Fig.
 (c)). Furthermore, the formation of the acenaphthene-type con-
guration ( Fig. 5 (b)) could also result from hydrogen addition to
he acenaphthylene-type pentagonal rings [64] . To the best of our
nowledge, our AFM/STM results represent the ﬁrst observation of
he existence of these two types of pentagonal rings. These ﬁnd-
ngs may have some remarkable implications on the understanding
f the soot formation mechanism, as will be discussed later. 
Because of the frequent observation of acenaphthene-type ﬁve-
embered rings among incipient soot molecules ( Fig. 5 (b)), we
urther validated their assignment by investigating the model com-
ound 1,2-dihydro-3,5-dimethylbenz(J)aceanthrylene (DHDMBA, 
igma-Aldrich). The structure of DHDMBA is shown in Fig. 6 (a)
nd contains an acenaphthene-type moiety, similar to the ones
bserved in soot molecules. Fig. 6 (b)–(d) show AFM images of
HDMBA adsorbed on Cu(111), acquired with a CO-functionalized
ip and at three different tip heights, together with the corre-
ponding Laplace-ﬁltered images. Because of the sp 3 hybridization,
ne of the two hydrogens for each C1 and C2 carbon atom is
ositioned above the plane of the molecular carbon backbone. As
an be seen from the image at the largest tip-sample distance
 Fig. 6 (b), z = 2.20 A˚), this results in an onset of repulsive forces
lready at larger tip-sample distances compared to the carbon
ackbone, and thus the -CH 2 moieties appear particularly bright
n the AFM images (in fact, they appear almost as bright as the
ethyl groups at the C3 and C5 positions). The out-of-plane hy-
rogens also govern the contrast between the C1 and C2 carbons,
ausing the C1-C2 bond to appear elongated with respect to its
ctual length. This is due to the CO molecule tilting at the tip apex
23,27,67] and becomes more pronounced as the tip-sample dis-
ance is reduced ( Fig. 6 (c), z = 2.45 A˚). At the smallest tip-sample
istance probed here ( Fig. 6 (d), z = 2.70 A˚), this effect also leads to
he acenaphthene-type moiety appearing almost square-shaped.
his characteristic evolution of the AFM contrast as a function ofip height is in very good agreement with the contrast observed
n many of the soot molecules and allows us to assign this moiety
ith high certainty. 
We can convert DHDMBA into its fully aromatic counterpart,
,5-dimethylbenz(J)aceanthrylene (DMBA) by using atomic manip-
lation to selectively dissociate one hydrogen from each of the two
CH 2 moieties, as schematically depicted in Fig. 6 (e). In Fig. 6 (f), an
FM image of an intact DHMBA molecule is shown. Applying two
onsecutive voltage pulses of V = 3.8 V with the tip located above
he molecule, we are able to successively remove one hydrogen
rom each CH 2 moiety and observe how the contrast in the AFM
mages changes ( Fig. 6 (f)–(h)). After the second pulse, we recover
he usual contrast of an aromatic penta-ring, with brightness sim-
lar to those of the adjacent hexa-rings and apparent C1-C2 bond
ength closer to their actual values than in the doubly methylated
olecule ( Fig. 6 (i)). 
The presence of methylene C –H bonds results in a higher value
f the H/C ratio of the soot molecules as compared to the purely
enzenoid peri- condensed aromatics, commonly considered as pre-
ursors to soot. This is evidenced in Fig. 7 , where the H / C ratio as
unction of the number of carbon atoms of the molecules ( nC ) is
lotted considering only the aromatic network and neglecting the
ontribution of the aliphatic moieties. The dashed line corresponds
o the lower limit of H / C for aromatic structures, which is met
or purely peri -condensed PAHs. As reported by Solum et al. [68] ,
his trend is a power law, i.e., H / C = 1/( nC /6) α with α= 0.5. For a
iven nC, any other aromatic structure, e.g., aromatic molecules
ith methylene C –H bonds, cata -condensed and/or cross-linked
AH, lies above the limit of peri -condensed PAH. Except for a few
olecules such as IS21 and IS47 , whose main common character-
stic is the pentagonal rings in acenaphthylene-type structure on
eri -condensed cores (coronene for IS21 , pyrene for IS47 ), all iden-
iﬁed molecules exhibited equal or larger H/C ratios. This ﬁnding
s corroborated by the ﬁt to the experimental values obtained for
he incipient soot molecules (black dots in Fig. 7 ) using the above-
entioned power law, yielding α= 0.43. The imaged molecules
xhibiting the highest H / C typically feature saturated peripheral
enta-rings ( sp 3 carbons), i.e., the molecules shown in Fig. 5 (b) and
c). Further structural motifs containing methylene groups are ob-
erved, for example, in IS6 and IS56 , where saturated penta-rings
re located on free edges of the molecule ( Fig. 5 (d)) as well as
n IS29, IS41, IS42, IS51 and IS56 , which also feature methylene
roups on peripheral benzenoid rings ( Fig. 5 ). 
The presence of such a large amount of methylene groups in
oot molecules, mostly related to pentagonal rings, may explain
ome recent observations about the inception of soot [13] . Removal
f a hydrogen atom from a methylene group ( sp 3 hybridized car-
on) induces a change of hybridization, resulting in the formation
f a resonantly stabilized π-radical. In this case, the methylene
arbon becomes sp 2 hybridized and, consequently, the unpaired
lectron is delocalized throughout the polyaromatic structure [69] .
he formation of stable radicals via hydrogen abstraction from
eripheral methylene groups was recently suggested to explain
he large intensity of the corresponding m / z signal compared to
he signal of a radical generated by removal of a hydrogen from a
ully unsaturated PAH involved in the soot formation process [66] .
n the other side, methylene groups in pentagonal rings may also
e generated by hydrogen addition to a π-radical in a termination
eaction of the radical-chain propagation mechanisms proposed
y Johansson et al. [13] . In this context, the AFM molecules in
ig. 5 corroborate the mass spectrometric data of Johansson et al.
13] , providing experimental evidences that resonantly stabilized
-radicals, activated by peripheral pentagonal rings, can play a
undamental role in the soot formation process. 
Our AFM analysis also indicates the presence of such radicals
mong soot molecules, as apparent from the proposed chemical
160 M. Commodo, K. Kaiser and G. De Falco et al. / Combustion and Flame 205 (2019) 154–164 
Fig. 5. Chemical structures of molecules with peripheral penta-ring assigned on the basis of AFM measurements shown in Fig. 2: (a) Molecules incorporating acenaphthylene- 
type moieties; (b) molecules incorporating acenaphthene-type moieties; (c) molecules incorporating ﬂuorene-type moieties; (d) molecules with indane-type moieties. Dashed 
red circles are used as marker of the penta-ring position in the molecules; green dots indicate the position of methylene groups on peripheral benzenoid rings. (For inter- 
pretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.) 
M. Commodo, K. Kaiser and G. De Falco et al. / Combustion and Flame 205 (2019) 154–164 161 
Fig. 6. (a) Chemical structure of acenaphthene-type model compound DHDMBA. (b)–(d) AFM images of DHDMBA at different tip-sample distances and corresponding 
Laplacian-ﬁltered images. (e) Schematic of the conversion of DHDMBA to DMBA by tip-induced atomic manipulation. (f) AFM image of initially intact DHDMBA. The red 
star indicates the tip position for the application of the ﬁrst voltage pulse to remove one hydrogen from the ﬁrst -CH 2 moiety. (g) AFM image of the molecule after applying 
the ﬁrst voltage pulse, with one H removed. (h) Image of the molecule after applying a second voltage pulse to also remove one H from the second -CH 2 moiety, yielding 
DMBA. (f) AMF image of DMBA at smaller tip-sample distance and corresponding Laplace-ﬁltered image. z values correspond to the decrease in tip height with respect to 
the STM set point of V = 0.2 V, I = 0.5 pA. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.) 
Fig. 7. H/C ratio as function of the number of aromatic carbon atoms ( nC ), ob- 
tained from the proposed chemical structures, excluding aliphatic side chains. 
The dashed line corresponds to the calculated trend for peri -condensed PAHs, i.e., 
H/C = 1/(nC/6) 0.5 [68] ; the red line represents the best ﬁt to the data obtained for 
the incipient soot molecules, using the relation H / C = 1/(nC/6) α with α= 0.43. (For 
interpretation of the references to color in this ﬁgure legend, the reader is referred 
to the web version of this article.) 
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Fig. 8. (a) Proposed structure of imaged molecules with radical character. Note that 
multiple resonant structures are possible for all radicals depicted here. (b) Possible 
mechanism for the formation of a π-radical (forward reaction, one hydrogen is re- 
moved from the π-system resulting in a π-radical + H 2 ) and a methylene group 
(backward reaction, one hydrogen is added to the π-radical) in IS1 . The carbon 
atom where a radical could have been formed is highlighted in red. (For interpre- 
tation of the references to color in this ﬁgure legend, the reader is referred to the 
web version of this article.) tructures in Fig. 8 (a). The π-radical IS1 , for example, could have
een formed by removal of a hydrogen atom from the C-atom
ighlighted in red, as proposed in Fig. 8 (b), forming a delocalized
npaired electron ( π-radical). For IS10, IS58 and PS3, the assigned
AH core would indicate the presence of a π-radical. However,
ithout knowledge of the exact substitutional group R1, this at-
ribution remains uncertain. 
Our results on delocalized π-radical formation allow a new in-
erpretation of particle inception and can probably explain the dif-
erent tendency to evaporate molecules from incipient ( Z = 8 mm)
nd primary soot ( Z = 14 mm). Incipient soot is composed of a large
omplexity of PAHs with different molecular sizes and shapes.
hese molecules are probably mostly held together by weak van
er Waals forces and are in a condensed rather than a solid phase,
o that they easily sublime without decomposing during sample
reparation for AFM/STM imaging. As shown, such particles con-
ain a high fraction of pentagonal rings, mostly located on the pe-
iphery of the aromatic molecules. 
162 M. Commodo, K. Kaiser and G. De Falco et al. / Combustion and Flame 205 (2019) 154–164 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
f  
s  
–  
a  
a  
t  
r  
b  
ﬁ  
s  
p  
l  
t  
t  
q  
m  
t  
π  
a  
s  
s  
o  
a  
p
 
b  
o  
a  
e  
P
a  
a  
l  
o  
t  
m
A
 
w  
S  
S  
E
S
 
f  
0
R
 
 
 
 
 
 
 
 
 Soot particle growth is driven by H 2 release during molecular
organization (the release of the gas-phase species accompanies the
formation of highly ordered structures and causes an entropy in-
crease, ultimately driving particle formation [8,11,60,70] ). Hydrogen
abstraction from purely benzenoid PAHs results in the formation
of highly reactive aryl radicals. These radicals may promote either
the formation of larger PAHs through acetylene addition and
ring closure [8] or the formation of cross-linked structures when
reacting with another aromatic [71] . It is commonly observed that
the average size of the aromatic units ( L a ) in ﬂame-formed soot
particles is on the order of 1 nm [14,50–52] and remains rather
constant during the early stages of soot formation [14] . In our
case, L a = 1.10 nm for the incipient soot sample and 1.16 nm for
the primary soot sample, as estimated by Raman spectroscopy
(see supplementary materials S3). Thus, excluding a signiﬁcant
increase of the aromatic domains during soot particle growth,
the formation of chemical bonds between the different aromatic
units, i.e., formation of archipelago-type/cross-linked structures, is
likely to play a fundamental role during the growth process of the
soot particles from the nucleation region ( Z = 8 mm) to the growth
zone ( Z = 14 mm). An evidence of cross-linking in incipient soot
was clearly observed and discussed in our earlier work, where
the AFM images as well as molecular orbital densities measured
by STM and the corresponding DFT simulations were reported for
the compound IS43 in Fig. 2 (see Fig. 3 in Ref. [22] ). The junction
between the two aromatic subunits is a C –C bond formed between
two pentagonal rings with hydrogen loss. In addition, IS30 (C 52 H 22 
in Fig. 2 with respective structure in Fig. 4 (b)), which is one of
the largest molecules we found in the incipient soot, might have
formed by the fusion of two pentagonal rings and H 2 loss. These
molecules might indicate that chemical cross-linking between
aromatics is promoted by the presence of peripheral penta-rings
in the aromatic structures, thus representing a possible growth
process for PAHs. 
On the other hand, as discussed above, our observation of a
large number of methylene groups results in the possibility of hav-
ing many resonantly stabilized π-radicals within the pool of soot
molecular constituents. Such polyaromatic radicals may be respon-
sible for alternative mechanisms of soot formation and growth
similar to the mechanism recently proposed by Johansson et al.
[13] . Moreover, the presence of π-radicals may increase the bind-
ing forces among aromatics, as postulated for the clustering of
phenalenyl-like radicals, which may form both σ and multicenter
delocalized covalent-like bonds [72] , thus enhancing the cluster-
ing/aggregation propensity of PAHs at the early stages of the soot
formation process. Formation of such strong bonds could also be
involved in the formation of grown primary soot particles and fur-
ther explain why it was challenging to sublime the molecules from
the sample of primary soot particles ( Z = 14 mm). Finally, as already
noticed by Wang and coauthors [12,55] and as recently pointed
out by Johansson et al. [13] , π-radicals may also explain the large
amount of aliphatic moieties observed in the molecules of grown
soot particles. 
5. Conclusions 
Incipient and early grown ﬂame-formed soot particles, ex-
tracted from a slightly sooting ethylene/air premixed ﬂame at two
different ﬂame positions, have been investigated at the single-
molecule level by high-resolution atomic force microscopy. 
A large complexity of molecular constituents of soot was found
in both stages of soot formation. However, not all the features were
present in both samples. Some common characteristics were the
molecular masses, ranging from 200 to 700 Da with most molec-
ular masses around 300 to 400 Da, as well as the distinct radical
character of some molecules. In incipient soot, we frequently observed molecules containing
used six-ring units organized in almost entirely peri -condensed
tructures and several molecules exhibiting aliphatic side-groups
mostly methyl (-CH 3 ) groups. In addition, many of the im-
ged molecules contained penta-rings on their periphery, while
 smaller fraction showed penta-rings (partially) embedded into
he aromatic structure. A large fraction of the peripheral penta-
ings, as well as some hexa-rings, contained sp 3 hybridized car-
ons forming C –H bonds in methylene-type groups, which we con-
rmed by comparison with a model compound. This may have
ome implications on the understanding of molecule clustering and
article inception. Removal of a hydrogen atom from a methy-
ene group ( sp 3 hybridized carbon) induces a change of hybridiza-
ion, resulting in the formation of a resonantly stabilized π-radical;
he methylene carbon becomes sp 2 hybridized and the conse-
uently unpaired electron is delocalized throughout the polyaro-
atic structure. On the other hand, methylene groups in pen-
agonal rings may also be generated by hydrogen addition to a
-radical, thus terminating the radical-chain propagation mech-
nisms pointed up by Johansson et al. [13] . Indeed, AFM analy-
is corroborated the presence of such radicals among the detected
oot molecules. Moreover, AFM/STM gave the ﬁrst direct evidence
f the formation of archipelago-type/cross-linked structures, which
re believed to play a role during the aging process of the soot
articles. 
In primary soot molecules, only a small number of PAHs could
e found on the substrate surface after sublimation. Together with
ur ﬁndings on resonantly stabilized π-radicals, this indicates that
n increase in binding forces between aromatics due to the pres-
nce of radicals might foster the clustering/aggregation process of
AHs at the early stages of soot formation. The formation of σ
nd/or multicenter delocalized covalent-like bonds between the
romatic constituents can lead to fragmentation rather than sub-
imation during the sample preparation. Moreover, the presence
f π-radicals might explain the high aliphatic content found in
he soot molecules and possibly the formation of oxygen-bonded
olecules that have been found in primary soot. 
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